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(57) Abstract: A therapeutic ultrasound device may include a substrate, at least one high power capacitive micromachined ultra-
sonic transducer, and at least one imager transducer comprising a capacitive micromachined ultrasonic transducer. The at least one
O high power capacitive micromachined ultrasonic transducer and the imager transducer may be monolithically integrated on the
substrate.
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Description

THERAPEUTIC ULTRASOUND TRANSDUCER CHIP WITH INTEGRATED

ULTRASOUND IMAGER AND METHODS OF MAKING AND USING THE SAME

Cross-Reference {o Related Applications

This application is related to U.S. provisional patent application
number 61/032,949, entitled “THERAPEUTIC ULTRASOUND
TRANSDUCER CHIP WITH INTEGRATED ULTRASOUND IMAGER AND
METHODS OF MAKING AND USING THE SAME,” filed on February 29,
2008, the contents of which are incorporated herein by reference.

Technical Field

The present invention is directed generally to ultrasound
devices and methods. More particularly, the present invention is directed to
a therapeutic ultrasound transducer chip with an integrated ultrasound
imager, and methods of use, for example, in real-time monitoring of a
biological object being treated.

Background

For therapeutic ultrasound, real-time monitoring of a biological
object being treated is of critical importance to the patient's safety and the
success of the procedure or operation. While magnetic resonance imaging
(MRI) and non-invasive ultrasound imaging have been conventionally used
for this purpose, they provide a limited viewing angle and/or images with
limited spatial resolution. For many high-precision invasive operations, such
as, for example, peripheral thrombolysis, in-situ imaging capability is highly
desired.

Some conventional capacitive micromachined ultrasonic
transducers insert a dielectric layer between the electrode on the membrane
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and its counter electrode to prevent the membrane electrode from contacting
the counter electrode in a collapse event such as, for example, during an
ultrasound transduction. However, the dielectric layer insert between the
membrane and the counter electrode increases the effective gap height of
the capacitive micromachined ultrasonic transducer, as well as the voltage
required to drive the transducer. It may be desirable to minimize the gap
height and the required driving voltage of a capacitive micromachined
ultrasonic transducer so that the transducer can be employed in minimally-
invasive or non-invasive applications, treatments, and/or operations, such as,
for example, intravascular procedures including, but not limited to, peripheral
thrombolysis

This disclosure solves one or more of the aforesaid problems
with a therapeutic ultrasound transducer chip having built-in imaging
capability and/or a reduced gap height and/or driving voltage.

Summary of the Invention

In accordance with various aspects, the present disclosure is
directed to a therapeutic ultrasound device, which may comprise a substrate,
at least one high power capacitive micromachined ultrasonic transducer, and
at least one imager transducer comprising a capacitive micromachined
ultrasonic transducer. The at least one high power capacitive
micromachined ultrasonic transducer and the imager transducer may be
monolithically integrated on the substrate.

According to some aspects of the disclosure, a therapeutic
ultrasound device may comprise a substrate, at least one high power
capacitive micromachined ultrasonic transducer ring integrated on the

substrate, and an imager transducer ring comprising an annular array of a



WO 2009/111351 PCT/US2009/035601

plurality of capacitive micromachined ultrasonic transducer elements. The
imager transducer ring may be integrated on the substrate, and the imager
transducer ring may be outside of the at least one high power capacitive
micromachined uitrasonic transducer ring.

Brief Description of the Drawings

FIG. 1A is a schematic illustration of an exemplary therapeutic
ultrasound chip with a built-in ultrasound imager in accordance with various
aspects of the disclosure.

FIG. 1B is a cross-sectional view along line X-X of FIG. 1A.

FIG. 1C is an enlarged view of the circled portion of FIG. 1B.

FIG. 2 is a photograph, taken with a scanning electron
microscope, of an exemplary therapeutic ultrasound chip with a built-in
ultrasound imager in accordance with various aspects of the disclosure.

FIGS. 3A and 3B are graphs of time domain and frequency
domain signais of an ultrasound transmitted by an imager transducer of the
device of FIG. 1 in accordance with various aspects of the disclosure.

FIGS. 3C and 3D are graphs of time domain and frequency
domain signals of an ultrasound transmitted from a commercially-available
piezoelectric transducer and received by an imager transducer of the device
of FIG. 1 in accordance with various aspects of the disclosure.

FIGS. 4A and 4B are graphs time domain and frequency
domain ultrasound signals transmitted by a high-power transducer of the
device of FIG. 1 in accordance with various aspects of the disclosure.

FIG. 5 is a graph of ultrasound pressure transmitted by a high-
power transducer of the device of FIG. 1 in accordance with various aspects
of the disclosure.
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Detailed Description

An exemplary embodiment of a therapeutic ultrasound
transducer chip 100 with a built-in ultrasound imager is shown in FIG. 1.
According to various aspects of the disclosure, the chip 100 may comprise a
micromachined substrate 110, for example, a micromachined silicon
substrate. The substrate 110 may have a plurality of capacitive
micromachined ultrasonic transducers (CMUT) thereon, for example, one or
more high power CMUTs 120 and an imager CMUT 130. The one or more
high power CMUTs 120 and the imager CMUT 130 are monolithically
integrated on the micromachined substrate 110.

The high-power CMUT 120 of the dual-function CMUT chip 100
may include a membrane electrode 122 and a counter electrode 126.
According to various aspects of the disclosure, a membrane electrode 122
may comprise a polysilicon film that functions as both the membrane and the
electrode. According to some aspects, the membrane electrode 122 may
include a membrane comprising silicon nitride, silicon dioxide, poly-
germanium, silicon carbide, polysilicon, or the like, and an electrode
comprising a metal such as, for example, aluminum, gold, silver, copper, or
the like.

Similarly, the imager CMUT 130 may include a membrane
electrode 132 and a counter electrode 136. According to various aspects of
the disclosure, a membrane electrode 132 may comprise a polysilicon film
that functions as both the membrane and the electrode. According to some
aspects, the membrane electrode 132 may include a membrane comprising
silicon nitride, silicon dioxide, poly-germanium, silicon carbide, polysilicon, or
the like, and an electrode comprising a metal such as, for example,
aluminum, gold, silver, copper, or the like.
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As shown in the inset of FIG. 1, the counter electrode 126 of
the high power CMUT 120 may comprise, for example, a pair of spaced
polysilicon counter electrodes 128 with an electrically floating polysilicon mat
129 therebetween. According to some aspects, the counter electrode 136 of
the imager CMUT 130 may be structured similarly.

Due to the difference in functions between the high power
CMUT 120 and the imager CMUT 130, their structures may differ in the
membrane thickness and/or the gap height. For example, a thicker
membrane 122 and a larger gap height may be used on the high-power
CMUT device 120 such that it is capable of delivering a large restoring
force/pressure during ultrasound transmission. On the other hand, the
membrane 132 of the imager CMUT 130 may be made thinner and more
flexible so that it may be sensitive to echo ultrasounds.

According to some aspects, the membrane electrode 122 of
the high power CMUT 120 may have a thickness of about 1.6ym, and a gap
height between the membrane electrode 122 and the counter electrode 126
may be about 0.32um. According to some aspects, the membrane electrode
132 of the imager CMUT 130 may have a thickness of about 1.0pm, and a
gap height between the membrane electrode 132 and the counter electrode
136 may be about 0.17um.

The therapeutic CMUT chip 100 may include a buffering
member 124, such as, for example, a polysilicon island, extending from the
membrane electrode 122 of the high power CMUT 120 and toward the
counter electrode 126 of the high power CMUT 120. The buffering member
124 may be configured to prevent the membrane electrode 122 from
contacting the counter electrode 126 in the case of a collapse event. For

example, the buffering member may prevent membrane electrode — counter
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electrode shorting during an ultrasound transduction. The use of the
buffering polysilicon island 124 instead of the conventionally used extra
dielectric layer inserted between the membrane and the counter electrode
may reduce the effective gap height of the high power CMUT, as well as the
driving voltage, both of which may be desirable, for example, in interventional
procedures. According to some aspects, the gap height may be reduced by
about 0.1 micron.

Similarly, the therapeutic CMUT chip 100 may include a
buffering member (not shown), such as, for example, a polysilicon island,
extending from the polysilicon membrane 132 of the imager CMUT 130 and
toward a counter electrode 136 of the imager CMUT 130. The buffering
member may be configured to prevent the polysilicon membrane 132 from
contacting the counter electrode 136 in the case of a collapse event. For
example, the buffering member may prevent membrane electrode — counter
electrode shorting during an ultrasound transduction. The use of the
buffering polysilicon island instead of the conventionally used extra dielectric
layer inserted between the membrane and the counter electrode may reduce
the effective gap height of the imager CMUT, as well as the driving voltage,
both of which may be desirable, for example, in interventional procedures.

Referring again to Fig. 1, multiple concentric CMUT rings may
be integrated on a single therapeutic ultrasound chip of unitary construction.
The outermost ring 140 may comprise an imager array made up, for
example, of forty-eight or sixty-four imager CMUT elements 130, in which
each element can be independently addressed. The remaining inner rings
150 may comprise high power CMUT devices 120 designed to operate at
substantially the same resonant frequency. Different from the imager ring
140, which may be divided into multiple small chambers, the high-power
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CMUT rings 150 may each have a “swim ring” structure comprising one
single camber. The one-piece annular membranes 122 of the "swim ring"
CMUTs provide a larger effective membrane deformation than a multiple
chamber CMUT could provide under the same bias condition. The one-piece
annular membrane of the “swim ring” CMUTs may also provide a higher
average acoustic energy. In addition to providing simultaneous firing, the
multiple high-power CMUT rings 150 may operate as a phase array to deliver
electronically-focused ultrasound.

Fig. 2 shows a scanning electron microscope (SEM)
photograph of an exemplary CMUT chip 200 with dual (imaging & therapy)
function. As shown, the dual-function CMUT chip 200 comprises two
concentric high-power (inner) rings 250 and one annular (outermost) ring 240
comprising an imager array with, for example, 48 imager CMUT elements.

The aforementioned exemplary dual-function therapeutic chips
100, 200 may comprise ultrasound transducer chips with built-in imaging
capability. On the therapeutic chips 100, 200, a high-power capacitive
micromachined ultrasonic transducer (CMUT) 120 and an imager CMUT 130
are monolithically integrated on a single micromachined silicon substrate 110
for minimally-invasive or non-invasive applications, treatments, and/or
operations. For example, the therapeutic chips 100, 200 may be utilized for
intravascular procedures including, but not limited to, peripheral
thrombolysis. Referring back to FIG. 1, the substrate 110 may include a hole
160 for accommodating a guiding wire used to position the chip 100, 200
during interventional procedures.

Referring now to FIGS. 3A and 3B, the time domain and
frequency domain signals of an ultrasound transmitted by the imager CMUT

of the exemplary dual-function therapeutic chip are shown in graphs. The
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ultrasound signal was recorded by a commercial hydrophone. FIGS. 3C and
3D graphically illustrate the time domain and frequency domain signals of an
ultrasound transmitted from a commerical piezoelectric transducer and
received by the imager CMUT of the exemplary dual-function therapeutic
chip. As illustrated, the capacitive micromachined ultrasonic transducers
disclosed herein can generate ultrasound similar to a commercial
piezoelectric transducer, but with a broader acoustic bandwidth than that of
the commercial transducer.

FIGS. 4A and 4B graphically illustrate the time domain and
frequency domain ultrasound signals transmitted by one of the high-power
CMUT rings of the exemplary dual-function therapeutic chip under excitation
of a 50V peak-to-peak, 100ns-wide impulse with a 20V dc bias. As
illustrated, the capacitive micromachined ultrasonic transducers disclosed
herein can generate high pressure ultrasound similar to that generated by a
commercial piezoelectric ultrasound transducer.

Referring now to FIG. 5, the average peak-to-peak ultrasound
pressure (normalized at the CMUT membrane surface) transmitted by a high-
power CMUT device of the exemplary dual-function therapeutic chip by an
impulse (1ps-wide) of different amplitude with a 50V dc bias is graphically
illustrated.

It will be apparent to those skilled in the art that various
modifications and variations can be made to the therapeutic ultrasound
transducer chip with an integrated ultrasound imager and methods of the
present invention without departing from the scope of the invention. Other
embodiments of the invention will be apparent to those skilled in the art from
consideration of the specification and practice of the invention disclosed
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herein. It is intended that the specification and examples be considered as

exemplary only.
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Claims
WHAT IS CLAIMED 1S:
1. A therapeutic ultrasound device comprising:

a substrate;

at least one high power capacitive micromachined ultrasonic
transducer; and

at least one imager transducer comprising a capacitive
micromachined ultrasonic transducer, the at least one high power capacitive
micromachined ultrasonic transducer and the imager transducer being
monolithically integrated on the substrate.

2. The device of claim 1, wherein each high power
capacitive micromachined ultrasonic transducer comprises a membrane
electrode and a counter electrode spaced from one another.

3. The device of claim 2, wherein the membrane electrode
comprises doped polysilicon.

4, The device of claim 2, wherein the membrane comprises
one of silicon nitride, silicon dioxide, poly-germanium, silicon carbide, and
polysilicon, and the electrode comprise one of are suitable materials for the

membrane aluminum, gold, silver, and copper.

5. The device of claim 2, wherein each high power
capacitive micromachined ultrasonic transducer comprises a buffering
member extending from the membrane electrode and toward the counter
electrode.
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6. The device of claim 5, wherein the membrane electrode
comprises doped polysilicon.

7. The device of claim 5, wherein the membrane comprises
one of silicon nitride, silicon dioxide, poly-germanium, silicon carbide, and
polysilicon, and the electrode comprise one of are suitable materials for the
membrane aluminum, gold, silver, and copper.

8. The device of claim 5, wherein the buffering member is
configured to prevent the membrane electrode from contacting the counter
electrode during a collapse event.

9. The device of claim 7, wherein the buffering member is
configured to prevent membrane electrode — counter electrode shorting
during ultrasound transduction.

10.  The device of claim 2, wherein a thickness of the
membrane electrode of the high power capacitive micromachined ultrasonic
transducer is greater than a thickness of a membrane electrode of the imager
transducer.

11.  The device of claim 10, wherein the thickness of the
membrane electrode of the high power capacitive micromachined ultrasonic
transducer is about fifty percent greater than the thickness of the polysilicon
membrane of the imager transducer

12.  The device of claim 1, wherein a gap height of the high
power capacitive micromachined ultrasonic transducer is greater than a gap
height of the imager transducer.
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13.  The device of claim 12, wherein the gap height of the
high power capacitive micromachined ultrasonic transducer is about fifty

percent greater than the gap height of the imager transducer.

14. A therapeutic ultrasound device comprising:

a substrate;

at least one high power capacitive micromachined ultrasonic
transducer ring integrated on the substrate; and

an imager transducer ring comprising an annular array of a
plurality of capacitive micromachined ultrasonic transducer elements, the
imager transducer ring being integrated on the substrate, the imager
transducer ring being outside of said at least one high power capacitive

micromachined ultrasonic transducer ring.

15.  The device of claim 14, wherein said at least one high
power capacitive micromachined ultrasonic transducer ring comprises a

plurality of substantially concentric rings.

16.  The device of claim 15, wherein said plurality of
substantially concentric rings operate as a phase array for delivery
electronically-focused ultrasound.

17.  The device of claim 14, wherein each high power ring
comprises a one-piece membrane defining a single chamber.

18.  The device of claim 14, wherein the annular array
comprises 48 capacitive micromachined ultrasonic transducer elements
dividing the imager transducer ring into multiple chambers.
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19.  The device of claim 14, wherein the annular array
comprises 64 capacitive micromachined uitrasonic transducer elements

dividing the imager transducer ring into multiple chambers.
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